The aim of the GH-2000 project is to develop a method for detecting GH doping among athletes. Previous papers in the GH-2000 project have proposed that a forthcoming method to detect GH doping will need specific components from the GH/ IGF-I axis and bone markers because these specific variables seem more sensitive to exogenous GH than to exercise. The present study examined the responses of the serum concentrations of these specific variables to a maximum exercise test in elite athletes from selected sports. A total of 117 elite athletes (84 males and 33 females; mean age, 25 yr; range, 18 -53 yr) from Denmark, the United Kingdom, Italy, and Sweden participated in the study. The serum concentrations of total GH, GH22 kDa, IGF-I, IGF binding protein (IGFBP)-2, IGFBP-3, acid-labile subunit, procollagen type III (P-III-P), and the bone markers osteocalcin, carboxy-terminal crosslinked telopeptide of type I collagen (ICTP), and carboxyterminal propeptide of type I procollagen were measured.
D OPING WITH GH has become an increasing problem
in the world of sports, especially since the advent of recombinant GH in the late 1980s (1) . It is mainly the anabolic and lipolytic effect of GH that is appreciated by its users, who nowadays are found among elite athletes, nonprofessional body builders, and young people in the gyms. The GH abuse is unwanted for both medical and ethical reasons.
There is so far no official method available to discover GH doping, which might partly explain the strong position of GH as a doping agent in elite sports. This study is part of the GH-2000 project initiated by the GH-2000 Team and funded by the European Union BioMed2 Research Program, with additional support from industry and the International Olympic Committee. The aim of this project is to develop a method for detecting GH doping among athletes.
Acute exercise above a certain intensity is one of the most potent stimulators of GH secretion, and the magnitude of the GH response is closely related to the peak intensity of exercise, rather than to total work output (2) (3) (4) . Furthermore, 1 yr of endurance training above the lactate threshold has shown an increase in basal 24-h pulsatile GH release (5) . Interestingly, subjects training below the lactate level did not show any change in the GH release, indicating that the training intensity may be important in regulating the GH axis as well as fitness. This physiological GH increase to exercise and Abbreviations: ALS, Acid-labile subunit; bpm, beats per minute; CV, coefficient(s) of variation; HR, heart rate; ICTP, carboxy-terminal crosslinked telopeptide of type I collagen; IGFBP, IGF binding protein; NS, not significant; OC, oral contraceptive(s); PICP, carboxy-terminal propeptide of type I procollagen; P-III-P, procollagen type III; PV, plasma volume.
to other stimuli such as hypoglycemia makes it hard to use measurements of GH itself in blood as a doping marker, because it would be difficult to discriminate a high exercisederived endogenous GH level from that from exogenous GH.
In previous papers in the GH-2000 project, Wallace et al. (6 -9) have studied the effects of exercise and supraphysiological GH administration on the GH/IGF-I axis and bone markers in 17 athletic adult males. In summary, acute exercise increased all molecular isoforms of GH, with GH22 kDa constituting the major isoform, with a peak at the end of acute exercise (6) . The proportion of non-22-kDa isoforms increased after exercise, due in part to slower disappearance rates of these isoforms. With supraphysiological GH administration, these exercise-stimulated endogenous GH isoforms were suppressed for up to 4 d (7) . Also, all components of the IGF-I ternary complex transiently increased with acute exercise, and GH pretreatment augmented these exercise-induced changes (8) . Furthermore, acute exercise increased the serum concentrations of the bone and collagen markers bone-specific alkaline phosphatase, carboxy-terminal cross-linked telopeptide of type I collagen (ICTP), carboxy-terminal propeptide of type I procollagen (PICP), and procollagen type III (P-III-P), whereas osteocalcin was unchanged. GH treatment resulted in a augmented response to exercise for the bone markers PICP and ICTP (9) .
In two other papers from the GH-2000 study, the effects of 4 wk of supraphysiological GH administration to 99 healthy subjects of both genders on the IGF-I axis and bone markers were studied in a double-blind placebo-controlled manner (10, 11) . In summary, the increase in IGF-I was markedly higher than that from IGF binding protein (IGFBP)-3 and acid-labile subunit (ALS), whereas the IGFBP-2 response was minor. Furthermore, the bone markers and collagen osteocalcin, PICP, ICTP, and P-III-P all increased on GH treatment, whereas interestingly the levels of P-III-P and osteocalcin were persistently high 8 wk after GH withdrawal (10) . The response in both the IGF-I axis and among the bone markers was more pronounced in males compared with females.
A forthcoming method to discover GH abuse will probably need the use of specific variables of the IGF-I axis and bone markers, with the prerequisite that these variables are more sensitive to exogenous GH administration than to exercise. Consistent with this, it is important to closely study how the levels of these variables are influenced by a maximal exercise test in comparison to rest and by other factors such as gender, age, fitness, type of sport, medication, menstrual status, or illness. Thus, in this paper we have studied the effects of the serum concentrations of hormones in the GH/IGF-I axis and among bone markers in 117 elite athletes of both genders and different sports in relation to a maximum exercise test.
Subjects and Methods Subjects
A total of 117 elite athletes from Denmark, the United Kingdom, Italy, and Sweden (84 males and 33 females; mean age, 25 yr; range, 18 -53 yr) competing in 12 different sports were included in the study ( Table 1) . The sports and the number of subjects in each were: alpine skiing, 21; crosscountry skiing, 23; long-distance cycling, 9; sprint cycling, 3; decathlon, 2; football, 10; rowing, 16; running, 6; swimming, 1; tennis, 3; triathlon, 8; and weight lifting, 15. The subjects were volunteers, and they gave written informed consent in concordance with the Helsinki Declaration II. The athletes were all at the national or international level. One hundred twelve of the athletes were Caucasian, four were black, and one was Oriental.
The number and gender of the athletes, sport categories, and demographic data are presented in Table 1 .
Methods
Sampling was performed during a maximal exercise test performed under laboratory conditions.
Standardized VO 2 max test
The athletes were tested in different ways according to country and type of sport.
Rowing test. Rowers were tested on a Concept II rowing ergometer (Concept II, Inc., Morrisville, VT). The protocol consisted of four 5-min submaximal stages with a 1-min break between the stages. Following the final submaximal stage, subjects were allowed a 10-min rest, after which an "all-out" test (6 min for males and 7 for females) was performed. The submaximal stages corresponded roughly to 55, 65, 75, and 85% of VO 2 max, respectively.
Ventilation and expiratory O 2 and CO 2 concentrations were measured by AMIS 2001 System (Innovision, Odense, Denmark). Before each protocol, the gas analyzers were calibrated using commercial gases of known volume. The highest VO 2 attained during the test was registered as the VO 2 max value. Heart rate (HR) was measured continuously by a HR monitor (Polar Sport tester, Polar Electro Oy, Kempele, Finland). 
Cycling test (long distance).
Long-distance cyclists were tested on a biking ergometer (Ciclotraining Olympionic, Politecnica 80, Padova, Italy). The protocol consisted of four 5-min submaximal stages as described in the rowing test. After a 10-min rest, a 5-min all-out test was performed. HR and VO 2 were measured as previously described.
Cycling test (sprint).
Sprinters were tested on a biking ergometer (Monark, Vansbro, Sweden). The protocol consisted of three 15-sec allout sprints separated by 15-min rest.
Weight-lifting test. The weight-lifting tests were performed on a contact carpet (Newtest, Oulu, Finland). The protocol consisted of five sets of three maximal jumps on the carpet: 1) squat jump, 2) counter movement jump, 3) counter movement jump with 50% body weight overload, 4) counter movement jump with 100% body weight overload, and 5) counter movement jump (12) . Counter movement is a concentric dynamic muscle contraction that is preceded by an eccentric stretching of the muscle. The subject starts from an upright position.
Treadmill. Cross-country and alpine skiers were tested on a treadmill.
There was an initial warm-up period of about 10 min on a biking ergometer, with a workload of 200 W and mean HR registration (Polar Sport tester) of 140 -150 beats per minute (bpm) during the last 2 min of warming up. Calibration of airflow and volume before the test was made with a syringe pump. Calibration of sensors for oxygen and carbon dioxide was made with air and a calibrating gas (volume, O 2 16% and CO 2 6.05%). A facial mask was used to collect the expiratory gases for analysis. The analyses were made with a MetaMax I (Cortex Biophysik GmbH, Leipzig, Germany) analyzer. The test was performed on a treadmill (Spectra Elit, Avesta, Sweden) with an elevation of 3°from start. The speed was adjusted to the running capacity of the athlete with a HR of 160 -170 bpm during 3-4 min. There was an increase in workload each minute (speed or elevation), starting after 4 min. A rise in HR with 5-10 bpm was aimed for each new level of workload. The number of increases in workload was 8 -12 until VO 2 reached a plateau. Respiratory quotient and other parameters were followed during the test.
Cycling test (for noncyclists).
Tennis players, football players, swimmers, decathlon athletes, triathletes, and two Swedish cross-country skiers performed a cycle test. The test, performed on a biking ergometer (Rodby ergometercyklar, Stockholm, Sweden), followed the same principle as the running test. The athletes started with a workload of 200 W for 4 min, with a rise every minute thereafter monitored by HR. Approximate rise was 25 W/min. HR monitoring and analyses were made with the same equipment and in the same way as for the running test.
Demographic data and body composition
Body height and body weight were measured in each participant. In conjunction with the maximum exercise test, data forms were completed, including demographic details concerning age, ethnic origin, sport, level of sport, medication, current illnesses, injuries, and menstrual status.
Maximum exercise test samples
The blood sampling at the maximum exercise test was done in a standardized way. Cannulation was done in a forearm vein 30 min before the test, and a baseline sample was taken immediately before the start of the test. Samples were taken at the end of the test and thereafter at 15, 30, 60, 90, and 120 min after exercise. During the 2-h sampling period, no further exercise or food intake was allowed, and according to the protocol a maximum intake of 0.2 liter water was allowed.
Laboratory methods
All GH-2000 analyses were performed in centralized laboratories, i.e. in the laboratory of Per-Arne Lundberg at the Sahlgrenska University Hospital (Gö teborg, Sweden; total GH, GH22 kDa, IGF-I, osteocalcin, PICP, ICTP, and P-III-P) and in the laboratory of Robert Baxter (Sydney, Australia; IGFBP-2, IGFBP-3, and ALS). All samples were stored in a freezer, Ϫ70 C, at each center and then shipped to the laboratories that performed the analyses. The samples were sent at the same time from all of the centers, and all samples in the study were analyzed at the same time. The same batch was used for all countries.
The serum concentration of total GH was determined by an immunoradiometric assay (Pharmacia & Upjohn Diagnostics AB, Uppsala, Sweden) with intra-assay coefficients of variation (CV) of 13.2%, 2.8%, and 5.4% at serum concentrations of 0.72, 18.1, and 76.3 mU/liter, respectively. The serum concentration of GH22 kDa was determined by a fluoroimmunoassay (Wallac, Inc. Oy, Turku, Finland), with intra-assay CV of 12.%, 5.1%, and 7.3% at serum concentrations of 0.54, 11.84, and 54.2 mU/liter, respectively. The serum concentration of IGF-I was determined by a hydrochloric acid-ethanol extraction RIA, using authentic IGF-I for labeling (Nichols Institute Diagnostics, San Juan Capistrano, CA), with intra-assay CV of 10.1%, 6.3%, and 5.7% at serum concentrations of 61.5, 340.8, and 776.9 g/liter, respectively. The serum concentration of osteocalcin was measured by a double antibody RIA (International CIS, Gif-sur Yvette, France) with intra-assay CV of 8.16%, 5.60%, and 5.44% at serum concentrations of 3.56, 10.32, and 22.26 g/liter, respectively. The serum concentration of PICP was measured by a RIA (Orion Diagnostica, Espoo, Finland) with intra-assay CV of 6.2%, 11.3%, and 11.3% at serum concentrations of 112.2, 162.7, and 403.4 g/liter, respectively. The serum concentration of the ICTP was measured with a RIA (Orion Diagnostica) with intra-assay CV of 5.57%, 7.22%, and 5.11% at serum concentrations of 5.46, 3.22, and 16.83 g/ liter, respectively. The serum concentration of P-III-P was determined by a RIA (International CIS) with intra-assay CV of 5.72%, 9.12%, and 6.70% at serum concentrations of 0.95, 0.62, and 1.18 kU/liter, respectively.
The serum concentration of IGFBP-2 was measured using in-house RIAs and polyclonal antibodies. The intra-assay CV were 2.8%, 2.8%, and 3.2% at serum concentrations of 17, 73, and 330 g/liter, respectively; and the interassay CV were 14.1% and 12.7% at 65 and 775 g/liter, respectively. The serum concentration of IGFBP-3 was measured using in-house RIAs and polyclonal antibodies. The intra-assay CV were 6.2%, 5.5%, and 4.5% at serum concentrations of 2.5, 5.7, and 12.6 mg/liter, respectively, and the interassay CV were 11.9%, 14.5%, and 13.1% at 2.5, 5.7, and 12.6 mg/liter, respectively. The serum concentration of the ALS was measured using in-house RIAs and polyclonal antibodies. The intra-assay CV were 3.4%, 3.3%, and 3.4% at serum concentrations of 60, 245, and 502 nmol/liter, respectively, and the inter-assay CV were 10.5%, 5.4%, and 6.5% at 62, 282, and 676 nmol/liter, respectively.
Statistics
All values are presented as mean Ϯ sd. The statistical analyses were done with nonparametric tests in the Statview software package (SAS Institute, Inc., Cary, NC). Comparisons within groups were done with Wilcoxon signed rank test, and comparisons between groups were done with Mann Whitney U test. Correlations were tested with the Spearman correlation test. Results with P values below 0.05 were regarded as significant.
Results

Maximum exercise test
The hormonal responses to the maximum exercise test among both the GH/IGF-I axis hormones and the bone markers are shown in Figs. 1 and 2 . Males and females are displayed separately.
GH/IGF-I axis hormones.
The male and female athletes showed a rather uniform pattern in the serum concentrations of the different components in the GH/IGF-I axis with a peak value at the end of test values, followed by a subsequent decrease to baseline values within 30 -60 min after exercise. The hormonal responses to the test and the post-exercise period are shown in Fig. 1 .
The mean serum concentrations (mean Ϯ sd) and the minimum-maximum ranges of the components in the GH/IGF-I axis at baseline, end of test, and ϩ30 min are shown in Table 2 .
The time from end of exercise to the peak value of both total GH and GH22 kDa was shorter in females than in males. Thus, the mean time (calculated as the mean time point for each individual's maximum concentrations) was: total GH, ϩ10.56 Ϯ 9.95 min in males; ϩ0.26 Ϯ 4.24 min in females (P Ͻ 0.001); GH22 kDa, ϩ10.12 Ϯ 10.15 min in males; Ϫ1.21 Ϯ 5.87 min in females (P Ͻ 0.001).
Bone markers. The serum concentrations of PICP, ICTP, and P-III-P showed in both males and females a uniform pattern for each marker, with a peak at the end of exercise followed by a decrease below baseline values within 120 min. Osteocalcin concentrations showed no significant changes during the test (Fig. 2 .) The mean serum concentrations (mean Ϯ sd) and the minimum-maximum ranges of the bone markers at baseline, end of test, and ϩ30 min are shown in Table 2 .
Total minimal and maximal values.
The minimal and maximal serum concentrations with the 10 -90 percentile ranges of the markers in the GH/IGF-I axis and bone markers based on all of the samples performed in connection with the maximum exercise test are shown in Table 3 .
Correlations to age, weight, BMI, height, menstrual status, diseases, medication, and ethnic origin of the components in the GH/IGF-I axis and the bone markers
Age. There were no correlations between the serum concentrations of total GH, GH22 kDa, and IGFBP-2 to age in either males or females. However, the concentrations of IGF-I, IGFBP-3, and ALS correlated negatively to age in both males and females at baseline (P Ͻ 0.001, ϭ Ϫ0.5, males; P Ͻ 0.01, ϭ Ϫ0.6, females), end of exercise (P Ͻ 0.001, ϭ Ϫ0.5, males; P Ͻ 0.01, ϭ Ϫ0.5, females), and at the ϩ15-min sample (P Ͻ 0.001, ϭ Ϫ0.5, males; P Ͻ 0.01, ϭ Ϫ0.5, females).
In males, the osteocalcin (P Ͻ 0.001, ϭ Ϫ0.4) and ICTP (P Ͻ 0.001, ϭ Ϫ0.5) concentrations at baseline were negatively correlated to age, and also the ICTP concentrations at the end of the test (P Ͻ 0.001, ϭ Ϫ0.5) and at ϩ15 min (P Ͻ 0.001, ϭ Ϫ0.5). Also, the P-III-P concentrations at the end of the test (P Ͻ 0.05, ϭ Ϫ0.2) and at ϩ15 min (P Ͻ 0.01; ϭ Ϫ0.3) correlated negatively to age.
In females, there were negative correlations between the PICP concentrations at baseline (P Ͻ 0.05, ϭ Ϫ0.6) and at the end of the test (P Ͻ 0.05, ϭ Ϫ0.6) and between ICTP concentrations at the end of the test (P Ͻ 0.05, ϭ Ϫ0.4) and at ϩ15 min (P Ͻ 0.05, ϭ Ϫ0.4).
Weight and BMI.
In males, a negative correlation between serum concentrations of IGFBP-3 and weight at the end of the test (P Ͻ 0.05, ϭ Ϫ0.3) was the only correlation found between weight and serum concentrations of the markers.
In the females, the concentrations of IGF-I and weight correlated positively at baseline and at the end of the test (P Ͻ 0.05, ϭ 0.4; vs. P Ͻ 0.05, ϭ 0.4). No other correlations between weight and serum concentrations were found in females.
Otherwise, no correlations between the components in the GH/IGF-I axis or bone markers to weight or BMI were found.
Height. In males, the concentrations of osteocalcin (baseline, P Ͻ 0.05, ϭ 0.3), ICTP (baseline, P Ͻ 0.05, ϭ 0.2; end of test, P Ͻ 0.05, ϭ 0.3) and P-III-P (end of test, P Ͻ 0.05, ϭ 0.2; ϩ15 min, P Ͻ 0.05, ϭ 0.2; ϩ30 min, P Ͻ 0.05, ϭ 0.2; ϩ90 min, P Ͻ 0.01, ϭ 0.3) correlated to height.
Menstrual status and oral contraceptives (OC).
A negative correlation was found between the time since the first day of the last period to the day of the test and the serum concentrations of IGFBP-3 at baseline (P Ͻ 0.01; ϭ Ϫ0.5), end of test (P Ͻ 0.05; ϭ Ϫ0.4), ϩ15 min (P Ͻ 0.05; ϭ Ϫ0.4), ϩ30 min (P Ͻ 0.05; ϭ Ϫ0.4), ϩ60 min (P Ͻ 0.05; ϭ Ϫ0.4), and ϩ120 min (P Ͻ 0.01; ϭ Ϫ0.5). The impact of OC could not be ascertained due to the small number of female athletes on OC.
Diseases and medication.
Any correlation between the concentrations of the components in the GH/IGF-I axis and bone markers to diseases and medications among the athletes could not be performed due to low frequency of diseases and medication in the participants.
Ethnic origin. Because there were too few non-Caucasian participants, no analysis of any differences between ethnic groups could be performed.
Discussion
This study encompassing nearly 120 elite athletes describes the hormonal profiles in the GH/IGF-I axis and among bone markers in response to a maximal exercise test. In summary, the hormonal response in the GH/IGF-I axis showed a rather uniform pattern, including a peak value directly after exercise, and a successive decrease to baseline values within 30 -60 min after exercise, although this pattern was less obvious among the bone markers. Interestingly, the peak value of the total GH and GH22 kDa concentrations occurred significantly earlier in the female athletes compared with males. The reference ranges for components in the GH/IGF-I axis and among bone markers in respective gender, presented in this paper, might be of considerable use in the future development of a test for the detection of GH abuse in sports.
This study favorably comprises a large number of elite athletes in a number of specific sports. The subjects were all elite athletes on the national or international level. Although the study was performed on a large number of athletes in four different European countries, the homogeneity of the practical performance of the protocol was high. The maximum exercise tests that were used were specific for the individual sport category, thus rendering familiar exhaustion conditions for the athletes and therefore a possibility to perform a maximal test. We are certain that the participants were driven to exhaustion level.
The increase in GH levels in the early post-exercise phase of the maximum exercise test is in accordance with previous findings (4, 13) . The neuroendocrine mechanisms of exerciseinduced GH release are still incompletely understood. Thus, it is not yet obvious whether the GH increase is due to increased GHRH stimulation, decreased somatostatin stimulation, or a combination of these (14) . The roles of stimulating ␣-adrenergic, inhibiting ␤2-adrenergic, and stimulating cholinergic pathways on the secretion of somatostatin and GHRH are to be ascertained.
We noticed the GH peak to be within 15 min after exercise. Previous studies have shown that the GH release induced by exercise is known to be delayed until 15 min into exercise (15, 16) and to peak by the end of short-term exercise (15, 16) or shortly afterward (17) . Furthermore, the GH release is related to the intensity of the exercise (18 -20) , thus rendering higher GH release from high-intensity anaerobic work compared with low-intensity anaerobic work, although equal in duration and total work effort (18) . Finally, training in itself increases the GH secretion (5). The exercise-induced GH increase was noted in both sexes, although the maximal GH response occurred significantly earlier in the female athletes, in which the peak value was directly after exercise, compared with approximately 15 min after exercise among the males. This is in accordance with a previous study with a constant-load aerobic exercise (21) , in which females attained their GH peak significantly earlier than men (24 vs. 32 min after start of exercise). Thus, the present study shows that this phenomenon is valid also during anaerobic conditions among elite athletes. Previous studies in elite athletes have shown no major gender differences in VO 2 max-induced GH release. Some authors have noted that females have higher GH levels before exercise, levels that do not return to baseline within 1 h, although the general pattern of exercise response did not differ from the response in males (15, 21, 22) .
In the female athletes, the different stages of the menstrual phase had no influence on the GH response. This is in accordance with the study of Kanaley et al. (22) , although in their study the athletes performed a submaximal test (60% of VO 2 max). Otherwise, the GH response at continuous and intermittent exercise is known to be higher in females during the OC phase than the nonuse phase (23), possibly due to elevated levels of total estrogen. However, this could not be shown in our study, because of the low number of OC users among the female athletes.
The increase in serum total IGF-I concentrations in the direct post-exercise period, with a subsequent decrease to baseline levels, was noted in both genders and has been observed in other trials (24, 25) . Furthermore, we noted the same pattern of response to exercise of the remaining components in the 150 kDa ternary complex, IGFBP-3 and ALS. The maximal response was observed directly after the exercise, in comparison with the maximal GH response, which was observed 15-30 min after exercise. The exact mechanism for the parallel changes in IGF-I, IGFBP-3, and ALS in response to exercise is not known, but reasonably, exercise, with a subsequent GH increase and possibly under the influence of proteases, causes changes such as dissociation of the ternary complex according to the theory presented by Wallace et al. (8) .
The bone and collagen markers P-III-P and ICTP showed in both sexes, like the components of the ternary complex described above, a peak level directly after exercise, followed by a subsequent decrease to baseline levels within 2 h. The increase in osteocalcin levels was much less obvious, with only a minor increase at the 2-h value. Previous studies have shown divergent results of bone markers in response to exercise (26 -30) . Long-term exercise training from 1-18 months has shown increases in the concentrations of osteocalcin and other markers of bone formation, with a slight decline of the levels during the first 4 wk (31-33). The mechanism for the direct post-exercise rise of the P-III-P and ICTP concentrations is probably multifactorial. Metabolic acidosis with high lactate levels is known to stimulate osteoclastic formation and thus increase the ICTP concentrations (34); furthermore, long-term training, including mechanical factors from the exercise performance itself causing microdamage of bone and muscles with leakage to the blood, might also contribute.
The present study now presents the actual reference ranges for each marker in the GH/IGF-I axis and among the bone markers at different time courses, i.e. at baseline, end of exercise, and 30 min after exercise. Furthermore, we also present the all-time high and low, including the 10 -90 percentile range values recorded at any time point, in connection with the maximum test, thus giving us the overall description of the total ranges in connection with the test, including baseline. The variables in the ternary complex and most of the bone markers correlated negatively to age, which will have implications when trying to definitely define reference ranges. Although, some variables in the ternary complex had some correlation to weight and BMI at some time points, this does not seem to have any practical consequences.
There was no correlation between the phase of the menstrual period and the concentrations of the variables in the GH/IGF-I axis (including the maximal GH response as discussed above) and bone markers, apart from the IGFBP-3 levels, which seemed to decrease during the time of the menstrual cycle. The number of athletes with OC, diseases, medication, and non-Caucasian ethnic origin was too small to make it possible to estimate the influence of these variables on the reference ranges.
Most of the markers had a maximum value at about the end of exercise in the maximum exercise test, with a gradual decrease back to baseline values within 30 -60 min. Therefore, we recommend that blood samples, in a future GHdoping control situation, should be taken not earlier than 30 min after the end of exercise to avoid confusion with this physiological post-exercise increase.
We cannot exclude that some of the changes might be due to the effect of hemoconcentration in response to the exercise itself, with a decrease in plasma volume (PV). In this study, the PV changes were estimated by measuring serum albumin concentrations (data not shown), showing a PV decrease estimated to about 20%, which is roughly in accordance with previous studies in which PV reductions from 4 -15% were noted after moderate submaximal exercise and total exhaustion (35) .
The reference ranges that we have presented for each marker are described according to the actual laboratory results that have been obtained in the actual sampling occasion, regardless of significant hemoconcentration or not, and will in that sense be comparable with the results obtained in the sampling situation of a doping test.
In summary, this study encompassing nearly 120 elite athletes describes the hormonal answer in the GH/IGF-I axis and among bone markers in response to a maximum exercise. The hormonal response in the GH/IGF-I axis showed a rather uniform pattern, including a peak value directly after exercise and a successive decrease to baseline values within 30 -60 min after exercise. This pattern was less obvious among the bone markers. Interestingly, the peak value of the total GH and GH22 kDa concentrations occurred significantly earlier in the female athletes compared with males. The reference ranges for each marker in respective gender, presented in this paper, might be of considerable use in the future development of a test for the detection of GH abuse in sports.
